Key message We report the adaptation of the INTACT method for RNA-sequencing in the endosperm and demonstrate its feasibility for allele-specific expression analysis. Abstract Tissue-specific transcriptome analyses provide important insights into the developmental programs of defined cell types. The isolation of nuclei tagged in specific cell types (INTACT) is a versatile method that allows to isolate highly pure nuclei from defined tissue types that can be used for several downstream applications. Here, we describe the adaptation of INTACT from endosperm nuclei for high-throughput RNA-sequencing. By analyzing the ratio of parental reads and tissuespecific gene expression in the endosperm, we could assess the contamination level of our samples. Based on this analysis, we estimate that in most of the samples the contamination level is lower than in previously published datasets. We further show that the nuclear transcriptome and total transcriptome of the endosperm are well correlated. Together, our data show that INTACT of the endosperm is a reliable methodology for endosperm-specific transcriptome analysis that overcomes the limitation of time-consuming manual endosperm dissection that is connected with high levels of maternal tissue contamination. INTACT does not rely on expensive equipment and can be set up in every standard molecular biology laboratory, making it the method of choice for future molecular studies of the endosperm.
Introduction
Double fertilization in flowering plants results in the formation of the embryo and the endosperm, a nurturing tissue similar to the placenta in mammals that supports embryo development (Yan et al. 2014 ). The endosperm is surrounded by multiple maternal sporophytic cell layers, hindering its isolation for cell-specific analyses. In particular, for species forming small seeds such as Arabidopsis thaliana the isolation of endosperm in sufficient quality and quantity is a substantial challenge. So far, the majority of Arabidopsis endosperm transcriptome data were generated from manually dissected endosperm and were found to have substantial levels of maternal tissue contamination (Gehring et al. 2011; Hsieh et al. 2011; Pignatta et al. 2014; Schon and Nodine 2017) . Alternative techniques such as fluorescenceactivated cell sorting (FACS) and laser capture microdissection (LCM) have also been employed for the generation of transcriptome and epigenome profiles of the Arabidopsis endosperm (Le et al. 2010; Weinhofer et al. 2010) ; however, the requirement of large amounts of starting material and expensive flow cytometry facilities limit the general application of these techniques. For this reason, there is the need to develop versatile, inexpensive and highly reproducible techniques to facilitate genome-wide studies of the endosperm. INTACT technique allows rapid and efficient nuclei isolation from specific cell types without the need for specialized and expensive equipment (Deal and Henikoff 2011; Moreno-Romero et al. 2017 ). The methodology is based on biotin tagging of cell-specific nuclei, allowing their subsequent purification from the total nuclei pool using streptavidin-coated magnetic beads. The INTACT system requires the co-expression of two components; the first is a synthetic nuclear targeting fusion (NTF) protein composed of the nuclear envelope WPP domain of the Arabidopsis RAN GTPase activating protein 1 (RanGAP1) attached to GFP and to a biotin ligase recognition peptide, which functions as the substrate for the second component, the Escherichia coli biotin ligase (BirA) (Deal and Henikoff 2011) .
INTACT was originally developed for the purification of nuclei from Arabidopsis root tissues, but it has been adapted and employed for genomic, epigenomic and proteomic studies of other cell types and plant species such as rice or tomato, as well as non-plant model organisms such as flies, worms and Xenopus (Deal and Henikoff 2010; Steiner et al. 2012; Henry et al. 2012; Amin et al. 2014; Moreno-Romero et al. 2016; Reynoso et al. 2017; Palovaara et al. 2017) . Previously, we have reported the adaptation of the INTACT system for the generation of epigenome profiles of the endosperm by expressing the NTF-GFP and BirA components under the endosperm-specific PHERES1 (PHE1) promoter (MorenoRomero et al. 2016 (MorenoRomero et al. , 2017 . PHE1 is imprinted and specifically paternally expressed (Köhler et al. 2005) ; however, since imprinted expression of PHE1 requires regulatory elements outside of the promoter region (Villar et al. 2009 ), the INTACT lines are not imprinted. Here, we describe the application of INTACT for RNA-sequencing (RNA-seq) of endosperm-specific nuclei, demonstrating its feasibility and high potential for transcriptome studies. Furthermore, as proof of concept we show the applicability of endosperm INTACT for the generation of parent-of-origin-specific expression data.
Materials and methods

Plant material and growth conditions
We made use of the pistillata-1 (pi-1) mutant (Goto and Meyerowitz 1994 ) (NASC stock number NW77) and the standard reference Col-0 (NASC stock number N22625). Transgenic Arabidopsis lines expressing PHE1::NTF and PHE1::BirA (lines referred as INT hereafter) are in the Col-0 accession in both wild-type (NASC stock number N2107349) and the delayed dehiscence 2 (dde2) (Przybyla et al. 2008 ) mutant background (NASC stock number N2107350). Seeds were surface-sterilized by incubating them for 10 min in 70% ethanol and washing them three times with sterile water. Sterilized seeds were sown on MS plates containing 0.5% sucrose and 0.8% agar, stratified for 2-3 days at 4 °C and germinated under long-day conditions (16 h light/8 h darkness) at 21 °C. Seedlings were transferred to soil after 10-12 days and incubated in growth rooms under long-day conditions.
Crosses and starting material
For parent-of-origin transcriptome analyses, we performed Col × Ler (Landsberg erecta) reciprocal crosses as described previously in Moreno-Romero et al. (2017) . To facilitate the crosses, we used the male sterile pi-1 (in the Ler accession) and the INT line in the male sterile dde2 background (in the Col accession) as the female parents and pollinated them with the INT line (Col accession) and Ler wild type, respectively. Siliques were collected at 4 days after pollination (DAP). Samples of 250 mg were wrapped in aluminum foil and quickly frozen in liquid nitrogen. Three independent biological replicates for each cross direction were generated.
Nuclei isolation and microscopy
Tissue homogenization was performed as described previously in Moreno-Romero et al. (2017) . The samples were incubated under rotation for 30 min with 18 µl of pre-blocked streptavidin dynabeads. Before use, the M-280 streptavidin dynabeads were washed twice with PBSB buffer and pre-incubated on a rotator for 1 h with PBSB. After sample incubation, the beads were collected with a magnet rack and resuspended in 500 µl of PBSBt (PBSB with 0.1% Triton). Finally, the samples were pooled in a Falcon tube containing 11 ml of PBSBt and incubated for 15 min under rotation. The beads were collected using a magnet rack and resuspended in 400 µl of RNAlater (Sigma-Aldrich). At this step, GFP-positive nuclei were identified using a Leica DMI4000B Florescence Microscope equipped with an L5 filter for GFP.
RNA extraction and library preparation
Total RNA was extracted from the resuspended nuclei using the mirVana Isolation Kit Protocol (Ambion) according to the manufacturer's instructions omitting the enrichment procedure for small RNAs. Subsequent mRNA extraction was performed using NEBNext Poly(A) mRNA Magnetic Isolation, and the Libraries were prepared with the NEBNext Ultra II RNA Library Prep Kit for Illumina and sequenced at the National Genomic Infrastructure (NGI) from SciLife Laboratory (Uppsala, Sweden) on an Illumina HiSeq 2500 in paired-end 125 bp read length.
mRNA-sequencing data processing
Reads were trimmed by removing 15 bp from the 5′ end and mapped in single-end mode to the Arabidopsis (TAIR10) genome previously masked for rRNA genes and for the SNP positions between the TAIR10 (Col) and Ler genome using TopHat v2.1 (Trapnell et al. 2009 ) (parameters adjusted as -g 1 -a 10 -i 40 -I 5000 -F 0 -r 130). Gene expression was normalized to reads per kilobase per million mapped reads (RPKM) using GFOLD40 (Feng et al. 2012) . To discriminate between maternal and paternal transcripts, reads were assigned to the Col or Ler genomes using single nucleotide polymorphisms (SNPs) between the strains. SNP calling was performed with SNPsplit v0.2.0 sorting the mapped reads by parent (Krueger and Andrews 2016) .
Results and discussion
Nuclei isolation and contamination assessment
Here, we describe the use of the INTACT method for transcriptome studies by RNA-seq and parent-of-originspecific analyses. The original data this protocol is based on have been recently published (Moreno-Romero et al. 2018, bioRxiv) . We generated parental-specific transcriptome profiles of the endosperm by reciprocally crossing of Col × Ler accessions using endosperm-specific INT lines (Fig. 1) . We collected siliques at 4 DAP and followed previously established procedures for tissue homogenization and nuclei purification (Moreno-Romero et al. 2017) . After nuclei isolation, we observed abundant GFP-positive nuclei under the fluorescence microscope that were bound by streptavidin dynabeads (Fig. 2) . Since purity estimates based on the relative number of NTF-positive and NTFnegative nuclei highly underestimates the contamination level (Moreno-Romero et al. 2017), we estimated sample purity based on the ratio of parental reads obtained after sequencing, following previously established formula (Moreno-Romero et al. 2017) . The contamination of our samples ranged between 0 and 15% (Moreno-Romero et al. 2018, bioRxiv) , which is comparable to previous experiments (3-11% in Moreno-Romero et al. 2017) . We noted that the amount of starting material affects the level of maternal tissue contamination (Table S1 ); in samples where we used 500 mg of silique material, the contamination level was higher compared to those samples where only 250 mg was used (39% contamination compared to 9-15% in Col × Ler crosses; 10% contamination compared to 0-4% in Ler × Col crosses). We furthermore assessed contamination from non-endosperm tissues by testing for enrichment of tissue-specific transcripts using the pipeline published by Schon and Nodine (2017) . Since our samples correspond to endosperm at 4 DAP with developing seeds containing late globular to early heart stage embryos, we compared our dataset with published datasets at the corresponding developmental stages. Low levels of nonendosperm tissues were detected in all samples except in the 500 mg Col × Ler replicate 1 supporting our previous observation of higher contamination in this particular sample. Together with the SNP-based estimate of contamination levels, we conclude that in the 250 mg replicates the contamination levels are low, demonstrating that INTACT is a reliable method for endosperm-specific transcriptomic analysis. In contrast to manually dissected endosperm, we observed a chalazal endosperm tissue enrichment in all our samples (Fig. 3) . Although our INT line is expressed in all endosperm compartments (Moreno-Romero et al. 2016) , it is more strongly expressed in the chalazal region, which may cause a preferential purification of chalazal endosperm nuclei. Alternatively, the manually dissected endosperm is depleted of the chalazal endosperm that due to its tight association with the seed coat may be less easily captured by manual dissection. Based on the current data, it is not possible to distinguish between both possibilities. As recently reported by Schon and Nodine (2017) , available transcriptome datasets of the endosperm contain substantial fractions of seed coat transcripts. From 12 endosperm datasets obtained by manual dissection, 11 show contamination levels above 5%. In contrast, from our 6 INTACT libraries only one shows more than 5% of contamination (Fig. 3) . Our data thus demonstrate that the INTACT method outperforms manual dissection of the endosperm in terms of tissue purity, and allows endosperm-specific transcript enrichment comparable to samples obtained by LCM. Additionally, INTACT allows access to earlier developmental stages without compromising the purity of the samples (Fig. 3) .
Previous work established that the nuclear and total cellular mRNA pools are generally comparable (Barthelson et al. 2007; Jacob et al. 2007; Deal and Henikoff 2010) . However, since the endosperm is a triploid tissue and thus differs from other vegetative tissues, we tested whether nuclear and cellular mRNAs also correlate in the endosperm. We analyzed the correlation of our nuclear endosperm-specific RNA-seq expression data with previously published manually dissected endosperm of 6 DAP Col × Ler and Ler × Col seed transcriptomes (Pignatta et al. 2014) . With the exception of replicates 1 of both cross directions, the correlation values for all other samples were high (Spearman correlation = 0.76 on average) ( Supplementary Fig. 1 ), revealing that nuclear mRNA transcriptomes of the endosperm correlate with total mRNA transcriptomes. Therefore, INTACT is a suitable technique to generate endosperm-specific transcriptome profiles.
Parent-of-origin-specific gene expression in the endosperm
Genomic imprinting is an epigenetic phenomenon causing parental alleles to be differentially expressed. In plants, genomic imprinting is mainly confined to the endosperm and unlike animals, shows high variation among species but also among accessions (Hatorangan et al. 2016; Pignatta et al. 2014) . Although inconsistencies among studies are partly explained by natural variation of genomic imprinting, maternal tissue contamination has hindered the accurate estimation of maternally and paternally expressed genes (Pignatta et al. 2014; Schon and Nodine 2017) . In addition, lack of formal consensus criteria to call maternally Fig. 3 Tissue enrichment analysis. Comparison of RNA-seq datasets with our INTACT RNA-seq using the pipeline by Schon and Nodine (2017) . We used published datasets of manually dissected endosperm transcriptomes and our datasets generated using INTACT to compare the contamination levels obtained with both methodologies. We compared our 4 DAP endosperm datasets to datasets of samples generated from seeds containing globular and heart stage embryos. *Sample obtained by LCM. NA not available expressed genes (MEGs) and paternally expressed genes (PEGs) in the literature has contributed to the discrepancies in parent-of-origin expression analyses. Here, we describe an easily applicable pipeline to identify imprinted genes in INTACT-generated RNA-seq samples that is based on a combination of statistical thresholds and defined allelic ratios, as previously described (Pignatta et al. 2014) . We furthermore define criteria to identify non-canonical allelically biased genes ( Fig. 4a; Table 1 ). We apply this pipeline to our INTACT-purified endosperm RNA-seq data (Moreno-Romero et al. 2018, bioRxiv) and to publicly Table 1 . b Comparison of previously reported MEGs and PEGs (Wolff et al. 2011; Pignatta et al. 2014; Gehring et al. 2011; Hsieh et al. 2011 ) with our INTACT RNAseq data. c Comparison of the accession-specific imprinted genes reported by Pignatta et al. (2014) with those identified in this study. d Comparison of accession-specific non-imprinted genes reported by Pignatta et al. (2014) with those identified in this study. Statistical significance of the overlap was calculated using a hypergeometric test (*P < 0.001). PEGs paternally expressed genes, poPEGs potential paternally expressed genes, MEGs maternally expressed genes, poMEGs potential maternally expressed genes, asMEGs accessionspecific maternally expressed genes, asPEGs accession-specific paternally expressed genes. Direction of the cross for asMEGs and asPEGs is indicated 1 3 available RNA-seq data for Col × Ler 6 DAP endosperm to compare our observations (Pignatta et al. 2014) . Based on our contamination analysis (Fig. 3) and correlation with total cellular transcriptomes (Supplementary Fig. 1 ), we discarded replicates 1 for both directions of the crosses and merged libraries from two replicates of Col × Ler and Ler × Col for downstream analyses. To ensure statistical significance of the analyses, we defined a minimum of 20 informative reads per analyzed genotype. Statistically significant deviations between maternal and paternal read counts for each gene were tested using Pearson's Chi-square test, with P values being corrected using the Benjamini-Hochberg method. We furthermore defined allelic thresholds, requiring MEGs to have at least 85% of informative reads derived from the maternal allele, while PEGs to have a minimum of 50% informative reads derived from the paternal allele. This allelic bias was required to be reciprocal (in both directions of the crosses) and statistically supported with a P value < 0.01 (Pignatta et al. 2014) . By applying these criteria, we could recover 25% (85 genes) and 44.6% (42 genes) of all comparable previously reported MEGs and PEGs, respectively ( Fig. 4b ; Dataset 1) (Wolff et al. 2011; Pignatta et al. 2014; Gehring et al. 2011; Hsieh et al. 2011) . Previously published imprinting data were generated from hand-dissected endosperm at 6-8 DAP (Gehring et al. 2011; Hsieh et al. 2011; Pignatta et al. 2014 ), while our data were generated from 4 DAP endosperm. The developmental regulation of most imprinted genes is still unknown. Here, we identified more MEGs and PEGs than previously reported, suggesting that at earlier stages there are potentially more imprinted genes than at later stages of development. Consistently, PHE1 expression is strongly reduced at 5 DAP, which potentially impairs its detection as PEG after this stage. This, together with the high levels of tissue contamination in previously published samples, can explain the differences between our and published datasets.
In addition to canonical MEGs and PEGs (see above for definition), we defined potential MEGs and potential PEGs (poMEGs and poPEGs) as those genes that fulfilled all imprinting criteria in one direction of the crosses and were significantly parentally biased in the reciprocal cross, but the allelic bias was below the threshold of ≥ 85% maternal reads for MEGs and ≥ 50% paternal reads for PEGs (Table 1 , Fig. 4a ). Many previously reported MEGs and PEGs were found in this category (Fig. 4b) , revealing that a fraction of potentially imprinted genes failed to be detected using our stringent criteria.
As a third category, we defined accession-specific imprinted genes as those genes that were only imprinted in one accession, but biallelically expressed in the other (Table 1) . Epigenetic variation, such as presence/absence of transposable elements and associated accession-specific epigenetic modifications, explains accession-specific imprinting and several genes being imprinted in one accession but not in the other were previously reported (Pignatta et al. 2014) . Only a small, but nevertheless significant subset of previously predicted accession-specific imprinted MEGs and PEGs overlap with our dataset (Fig. 4c) . The low overlap is likely a consequence of different developmental stages and contamination levels between the samples.
As a fourth category, we defined genes with accessionspecific biased expression in the endosperm. These genes show accession-biased expression independently of the direction of the cross (Table 1 and Fig. 4a ). These genes may have an adaptive role in regulating seed development; or, alternatively, have close homologs with one of the homologs being active in one accession while inactive in the other. It is furthermore possible that those genes not being active in one of the accessions are on the evolutionary path to become pseudogenes. A significant subset of accession-specific imprinted genes identified in our dataset overlapped with those predicted in a previous study (Fig. 4d) (Pignatta et al. 2014) ; however, as indicated for the other categories, differences in stage and contamination levels likely account for the low level of overlap.
Together, our data show that INTACT-generated transcriptome profiles allow the reliable detection of parentally biased gene expression in the early endosperm. Our data furthermore suggest that imprinted genes are developmentally regulated, consistent with previous observations in maize (Xin et al. 2013) . Consensus of criteria to define imprinted genes and reduced maternal tissue contamination by using the INTACT methodology are expected to overcome inconsistences in future datasets.
Conclusion
Cell type-specific transcriptome studies are of fundamental value to elucidate the development and function of specific cell types. Therefore, the application, development and constant improvement in methodologies enabling cell typespecific data collection are of immense value. Our study demonstrates that RNA-seq of nuclei isolated by INTACT is a reliable technique for endosperm-specific transcriptome studies and parent-of-origin-specific expression analyses. We anticipate that the development and adaptation of the INTACT method for nuclear transcriptome analyses of the endosperm will advance future studies focusing on the molecular events occurring in the endosperm. Furthermore, the use of endosperm-domain-specific promoters will allow dissecting the functional role of different domains of the endosperm. Despite its relevance for human nutrition and animal feed, we still lack a comprehensive understanding of the functional role of the endosperm for embryo development, the regulation and function of endosperm cellularization, and the functional role of the endosperm for seed coat development, just to name a few open knowledge gaps that remain to be addressed. We believe that the versatility of INTACT to isolate large numbers of pure endosperm nuclei that can be used for different types of downstream applications will help to address those questions and advance our understanding of the functional role of the endosperm.
